Cotton fibers are seed trichomes that make cotton unique compared with other plants. At anthesis, IAA, a major auxin in plants, accumulates in the fiber cell to promote cell initiation. However, many important aspects of this process are not clear. Here, auxin distribution patterns indicated by auxin-dependent DR5::GUS (-glucuronidase) expression in cotton ovules were studied during fiber cell differentiation and cell initiation [-2 to 2 DPA (days post-anthesis)]. The nucellus and fiber cell were two major sites where auxin accumulates. The accumulation in the nucellus started from -1 DPA, and that in fiber cells from 0 DPA. Immunolocalization analysis further suggests that the IAA accumulation in fiber initials began before flower opening. Furthermore, we demonstrate that accumulated IAA in fiber initials was mainly from efflux transport and not from in situ synthesis. Eleven auxin efflux carrier (GhPIN) genes were identified, and their expression during ovule and fiber development was investigated. Ovule-specific suppression of multiple GhPIN genes in transgenic cotton inhibited both fiber initiation and elongation. In 0 DPA ovules, GhPIN3a, unlike other GhPIN genes, showed additional localization of the transcript in the outer integument. Collectively, these results demonstrate the important role of GhPIN-mediated auxin transport in fiber-specific auxin accumulation for fiber initiation.
Introduction
Cotton is the world's largest source of natural fiber used in the textile industry. Cotton fibers are derived from ovule epidermal cells with a highly elongated unicellular structure. Fiber development consists of four distinct yet overlapping stages: initiation, elongation, secondary wall formation and maturation (Kim and Triplett 2001) . During the first stage, fiber cells become visible on the ovule surface at anthesis, but the differentiation of these selected ovule epidermal cells into fibers begins several days before (Ryser 1999) . Fiber initiation as well as fiber differentiation determine how many ovule epidermal cells develop into lint fibers and thus are of particular importance for cotton fiber yield.
Auxin, a plant hormone, plays a vital role in the fiber initiation stage of cotton fibers. Early in 1973, Beasley demonstrated that IAA, the main natural auxin in plants, is a critical stimulus for fiber production from unfertilized ovules in vitro. Although optimal fiber induction can be achieved by collaboration of IAA and GA 3 , an active gibberellin (Beasley and Ting 1974) , IAA exhibits a stronger effect on promoting fiber production than GA 3 (Beasley 1973 , Beasley and Ting 1974 , Dhindsa 1978 . Subsequently, a considerable increase in IAA has been shown in ovules during the fiber initiation stage (John 1999) . It makes sense that treatment with additional IAA will effectively increase the number of fiber initials during fiber initiation (Gialvalis and Seagull 2001, Seagull and Giavalis 2004) . However, in vitro experiments showed that auxin may not be essential for fiber initiation because unfertilized ovules can still produce fibers in the absence of plant hormones (Gialvalis and Seagull 2001 ) even though they do not produce IAA, in contrast to fertilized ovules (Beasley and Ting 1973) .
Recently, cellular localization labeled using a monoclonal antibody against IAA revealed that auxin accumulates in initiated cotton fibers but not in other epidermal cells on flowering days. In vivo application of 1-N-naphthylphthalamic acid (NPA), an auxin transport inhibitor, can impair IAA accumulation and further repress fiber initiation (Zhang et al. 2011) . This implies that asymmetric accumulation of auxin mediated by auxin transport may be involved in regulation of cotton fiber initiation. To better understand the molecular mechanism underlying cotton fiber cell differentiation and cell initiation, it is necessary to reveal the dynamic distribution of auxin in the ovule and fiber.
Many morphological changes involved in plant development correlate with the establishment of an auxin gradient within tissues. Local auxin biosynthesis and polar auxin transport (PAT) are two main determinants for an auxin gradient (Tanaka et al. 2006, Vanneste and . In certain cells, auxin synthesis can be up-regulated to generate maximum auxin (Ljung et al. 2005 , Cheng et al. 2006 , Tao et al. 2008 . For instance, auxin biosynthesis spatiotemporally regulated by YUCs is the main source of auxin during the development of floral organs and vascular tissues (Cheng et al. 2006) . With respect to PAT, proteins of three families are involved: AUX1/ LAXs for auxin influx from cells, and PIN (PIN-FORMED) and PGP (P-glycoprotein) for auxin efflux (Petrasek and Friml 2009) . It is well documented that polar localization of PINs to the plasma membrane plays a predominant role in modifying auxin transport and establishing an auxin gradient (Benková et al. 2003 , Friml et al. 2003 , Petrasek et al. 2006 . Generally, PIN proteins localize to the side of the plasma membrane where auxin is at a maximum and then regulate auxin flow within tissues. For instance, in the triangular embryo, auxin is accumulated at the tips of incipient cotyledons, whereas PIN1 in these parts shows polar localization toward the position of auxin accumulation (Benková et al. 2003) .
However, the factors that drive IAA accumulation in cotton fiber cells remain unknown. Several studies have suggested that auxin biosynthesis may not play a key role in cotton fiber initiation because genes involved in auxin biosynthesis are not upregulated in ovules on flowering days (Shi et al. 2006) , and no auxin biosynthetic gene is up-regulated in fiber initials compared with other epidermal cells (Wu et al. 2007 ). This raises a question: where does the auxin that accumulates in fiber cells originate from? To address this question, here we present the dynamic distribution of auxin in ovules during fiber cell differentiation and cell initiation. Using auxin transport inhibitors, we demonstrate that auxin transport plays a main role in the accumulation of auxin in ovules and fibers. We also investigate gene expression profiles of PIN homologs in cotton during fiber development and the fiber development in transgenic cotton silencing expression of GhPIN genes. In combination with mRNA hybridization of GhPIN genes in ovules, our data suggest that PIN-mediated auxin efflux is involved in auxin accumulation and the development of cotton fibers.
Results
Auxin distribution in cotton ovules during fiber cell differentiation and cell initiation Our previous work presented the accumulation of IAA in the cotton ovule epidermis at anthesis (Zhang et al. 2011) . In order to clarify the pattern of auxin distribution in ovules during fiber initiation, we analyzed transgenic cotton harboring the auxinresponsive reporter DR5::GUS, which, using the histochemical staining of b-glucuronidase (GUS) activity, can indicate the presence of IAA (Ulmasov et al. 1997) . One day before anthesis (-1 DPA), GUS staining was observed in the ovule nucellus (Fig. 1b) and became gradually intense thereafter (Fig. 1b-e) . GUS staining on the ovule surface appeared at anthesis (0 DPA; Fig. 1h ) and was confined to fiber cells as shown in 1 and 2 DPA ovules (Fig. 1i, j) . In addition, weak GUS staining could be seen in the axis of the ovary from 0 DPA but not in the boll shell (Fig. 1c-e) . To detail the IAA accumulation in fiber cells, we performed immunolocalization in ovules with a monoclonal antibody against IAA from 20:00 h on -1 DPA to 20:00 h on 0 DPA. A weak IAA signal was detected in protruding fiber cells at 02:00 h on 0 DPA (Fig. 1m) . Subsequently, the signal in fibers became strong and was much higher than that in non-fiber cells in the epidermal layer (Fig. 1n-p) . In ovules on -1 DPA (Fig. 1l ) and the control (Fig. 1k) incubated without the IAA antibody, only a background signal appeared in the cell nucleus of ovule epidermal cells.
NPA impairs auxin accumulation in ovules and further inhibits fiber development
The IAA accumulation pattern described above implies that auxin in ovules may not result from fertilization because the accumulation appeared before the flower had opened. Given that NPA treatment of pedicels can impair the accumulation of IAA in fiber initials (Zhang et al. 2011) , one possible hypothesis is that the auxin is transported from outside through the pedicels. To test this hypothesis, we treated pedicels that connected buds to the mother plant with NPA at -3 DPA. After the treatment, almost no GUS staining could be seen in the nucellus and on the ovule surface at anthesis (Fig. 2g, h ), whereas the staining in the control was strong (Fig. 2c, d ), indicating that auxin accumulation in ovaries was dramatically reduced. Remarkably, more auxin was detected in NPA-treated pedicels than in the control (Fig. 2a, b , e, f). We further determined auxin accumulation in the pedicel with the anti-IAA antibody. The immunolocalization of IAA phenocopied the DR5 pattern (Fig. 2B ), suggesting that the auxin level in the pedicel was increased after NPA treatment. Furthermore, a dynamic change in auxin in both ovaries and pedicels after NPA treatment was monitored from -1 to 1 DPA. A consistent decrease in auxin accumulation was detected in the ovary, nucellus and ovule surface, whereas a considerable increase in auxin accumulation was present in the treated pedicel, although a weak staining signal was seen in NPA-treated ovaries and ovules, particularly at 1 DPA ( Supplementary Fig.  S1 ). These results demonstrate that NPA-blocked auxin transport in pedicels is responsible for the decrease in the auxin level in ovaries.
Then, we observed the fiber development in NPA-treated bolls. Many ovules had short fibers (Fig. 3d) , and some even became bald (no fibers appeared on their surface; Fig. 3e ). Quantitatively, short-fibered and fiberless ovules accounted for >90% of ovules in bolls treated with NPA, while, in the control, nearly 80% were long-fiber ovules (Fig. 3B) , indicating that fiber initiation and elongation were severely suppressed by NPA treatment.
Local auxin biosynthesis is not involved in cotton fiber initiation
An auxin gradient can also be generated by local auxin biosynthesis. In order to determine whether auxin biosynthesis modulates IAA accumulation in cotton fibers, we cultured -1 DPA ovules on the IAA-free medium in which fibers cannot be produced (Fig. 3k) . After 7 d of culture, the defect in fiber initiation could not be rescued by supplementation with L-tryptophan, a precursor for IAA biosynthesis (Fig. 3j) , whereas a large amount of fibers was produced in ovules cultured with IAA (Fig. 3i) . The result indicates that de novo auxin synthesis is not activated in cotton ovules for fiber initiation. To eliminate the concern that L-tryptophan might not be an appropriate precursor for auxin biosynthesis in cotton ovules, we cultured FBP7::iaaM transgenic ovules, in which IAA can be synthesized in ovule epidermal cells by expression of an auxin biosynthetic gene iaaM from Agrobacterium tumefaciens (Zhang et al. 2011 ). In the absence of IAA, fiber cells were produced in the transgenic ovule in vitro (Fig. 3l) , indicating that, in FBP7::iaaM transgenic cotton, auxin biosynthesis is sufficient to provide auxin for cotton fiber initiation even without the supplement of both IAA and IAA Fig. 1 Distribution of auxin in cotton bolls and ovules during fiber cell differentiation and cell initiation. (A) Spatial pattern of DR5::GUS expression. GUS staining was present in the nucellus (b-e), the fiber cell (h-j) and the central axis of the ovary (d and e). Excised bolls and ovules were stained for 6 h. Inset, the section of stained ovules harvested at 2 DPA. fi, fibers; oi, the outer integument; ii, the inner integument. The asterisk indicates the nucellus of ovules. (B) Immunolocalization of IAA in the cotton ovule epidermis. A detectable IAA signal was present in protruding fiber cells from 02:00 h on 0 DPA (m), and it became intense thereafter (arrow, n-p). The IAA signal was absent in non-fiber cells of epidermal layers (arrowhead, m-p) and epidermal cells before 0 DPA (l). Ovules were harvested every 6 h from 20:00 h on -1 DPA to 20:00 h on 0 DPA, sectioned and incubated with a monoclonal antibody against IAA. The signal was detected by an FITC-conjugated secondary antibody. Overlays of fluorescence and transmission images are shown. Sections incubated without the IAA antibody were used as the negative control (k). Scale bars represent 1 mm (A) or 50 mm (B).
precursors. In addition, when applying NPA to the pedicel of FBP7::iaaM cotton buds, no fiberless ovules were found ( Fig. 3f-h ), and more long-fiber ovules appeared in the treated boll ( Fig. 3B ) compared with the wild-type boll treated with NPA ( Fig. 3a, b, B ). This suggests that the inhibitory effect of NPA was reduced by ovule epidermis-specific activation of auxin synthesis. The results from FBP7::iaaM cotton demonstrate that, in wild-type cotton, auxin synthesis in the ovule epidermis is not involved in cotton fiber initiation. :GUS in pedicels, bolls and ovules at 0 DPA. After NPA treatment, GUS staining in pedicels where NPA was applied (e and f) was stronger than in untreated pedicels (a and b). The staining observed in treated ovaries (g) and ovules (h) was much lower than in untreated tissues (c and d). Tissues at anthesis were excised and dyed for 12 h to monitor GUS activity. The asterisk indicates the nucellus of the ovules. The arrowhead indicates the central axis of the ovaries. (B) Visualization of IAA in sections of pedicels at 0 DPA. The IAA signal in cross-(l) and longitudinal (p) sections of NPA-treated pedicels was much stronger than that in untreated pedicels (k and o). Auxin in tissue sections was detected by the monoclonal antibody against IAA and visualized by an FITC-conjugated secondary antibody. Fluorescent and overlay (fluorescence/transmission) images are shown. Samples incubated without the IAA antibody were used as the negative control (i, j, m and n). NPA dissolved in lanolin was applied to pedicels of -3 DPA buds. DMSO-treated samples were used as the untreated control (a-d, i, k, m and o). Scale bars represent 1 mm (A) or 100 mm (B).
Auxin efflux rather than influx plays a main role in cotton fiber initiation
In most plant tissues, a PAT-dependent auxin gradient is established through a cell to cell mechanism, including influx and efflux from cells (Vanneste and Friml 2009) . To determine the effect of both processes on cotton fiber initiation, -1 DPA ovules, harvested from DR5::GUS cotton plants, were in vitro treated with three auxin transport inhibitors: NPA and brefeldin A (BFA) to disrupt the efflux (Steinmann et al. 1999 , Murphy et al. 2002 ; and 1-naphthoxyacetic acid (NOA) to disrupt the influx (Parry et al. 2001) . After a 3 d culture, fiber initials appeared on the surface of control ovules (Fig. 4i) , and blue staining indicated that IAA accumulation was observed in the untreated ovules (Fig. 4a, e) . In contrast, no fiber cells protruded and no blue staining appeared on the surface of ovules treated with NPA and BFA, respectively (Fig. 4b, c, f, g, j, k) . As the effect of BFA on auxin transport is reversible (Geldner et al. 2001) , we washed the treated ovules to remove BFA and found that fiber development was recovered in the following culture period (Fig. 4B) . In contrast to NPA and BFA, neither visible inhibition of fiber initiation nor impaired IAA accumulation was observed in NOA-treated ovules (Fig. 4d, h, l) . This result suggests that auxin efflux, rather than influx, may play the main role in fiber-specific accumulation of auxin and auxin-triggered fiber initiation.
Expression of GhPIN genes in ovules and fibers during fiber development
Auxin efflux is predominantly determined by PIN-formed proteins (Petrasek et al. 2006 ). To identify cotton PIN genes, we screened the genomic database of Gossypium raimondii (http:// www.phytozome.net), a putative diploid ancestor of upland cotton (G. hirsutum). A total of 11 PIN homologs was collected, and their genomic sequences were cloned from upland cotton. Representative appearances of fiber-bearing ovules or ovules from 5 DPA bolls treated with NPA. Long-(a) and short-fiber (b) ovules were observed in DMSO-treated bolls of wild-type cotton. After NPA treatment, in addition to long-(c) and short-fiber (d) ovules, naked ovules (e) were also observed in the boll. In the NPA-treated FBP7::iaaM boll, long-(f) and short-fiber (g and h) ovules but no naked ovules were seen. NPA dissolved in lanolin was applied to pedicels of buds at -3 DPA. Control, ovules from wild-type bolls treated with lanolin mixed with the solvent DMSO; NPA, ovules from NPA-treated wild-type bolls; FM + NPA, ovules from NPA-treated bolls of FBP7::iaaM transgenic cotton. (B) Percentages of ovules with different appearances in the boll. A greater portion of short-fiber and naked ovules appeared in wild-type bolls after NPA treatment (red and green bars). The portion was reduced in the FBP7::iaaM boll of the parallel treatment (purple bars). The ovules were classified based on the length of the fibers: >2.5 mm (LF), 2.5 mm (SF) and no fibers (Naked) at 5 DPA. NPA1 and NPA2, two independent wild-type bolls treated with NPA. (C) Fiber appearance of ovules cultured in vitro for 7 d. The -1 DPA ovules of wild-type cotton could not produce fiber cells in the medium without IAA (k) and in the presence of L-tryptophan (j), in contrast to the ovule from FBP7::iaaM cotton (l). The -1 DPA ovules were harvested and cultured in the medium containing GA 3 (0.5 mM), IAA (5 mM) and/or L-tryptophan (Trp, 5 mM) as indicated. WT, wild-type ovules; FM, ovules from FBP7::iaaM transgenic cotton line 9. Scale bars represent 1 mm (A and C) or 100 mm (C, SEM).
Based on a Neighbor-Joining phylogenetic tree of the deduced proteins, they were named according to the genetic relationship to PINs of Arabidopsis. There were four proteins (GhPIN1a-GhPIN1d) homologous to AtPIN1, and two (GhPIN3a and GhPIN3b) clustered in the group of AtPIN3, 4 and 7, although GhPIN3b is an incomplete PIN protein lacking approximately 200 amino acids at the C-terminus (Fig. 5) . GhPIN9 did not cluster with any PINs of Arabidopsis (Fig. 5) .
Expression of GhPIN genes (except GhPIN2, because its transcript was not detected in all samples) was then investigated in ovules and fibers by quantitative reverse transcription-PCR (qRT-PCR). In the ovule from -2 to 5 DPA when fiber cells undergo differentiation and initiation, GhPIN1c, GhPIN1d and GhPIN3a showed a slight increase in expression while others showed a relatively steady expression level. In fibers (after 5 DPA), expression of GhPIN1a, GhPIN1d and GhPIN3b was increased gradually during development (Fig. 6) . Notably, GhPIN1c and GhPIN3a were highly expressed around 7 DPA, indicating their roles in rapidly elongating fiber cells. GhPIN1b and GhPIN6 were preferentially expressed in ovules during fiber initiation, implying that they may be involved in ovule development.
Our results suggest that in the initiation stage, auxin transport in pedicels is an important way for auxin to accumulate in ovules. To prove this, we investigated the expression of GhPIN genes in pedicels, ovaries and styles on -2 and 0 DPA. Compared with -2 DPA, most GhPIN genes showed increased expression in 0 DPA ovaries ( Supplementary Fig. S2 ). For instance, the expression of GhPIN1c and GhPIN3a was increased at least 1-fold, indicating that auxin transport may be promoted Fig. 4 Effect of auxin inhibitors on fiber development of cultured cotton ovules. (A) Fiber initiation and DR5 auxin response of in vitro cultured ovules treated with NPA, BFA or NOA. NPA and BFA inhibited the fiber initiation (j and k) and DR5::GUS expression (f and g) in the ovules, while NOA did not (h and I). Middle panels (e-h) are enlarged images of upper panels (a-d). The -1 DPA ovules of DR5::GUS cotton were harvested, cultured for 3 d and then collected for GUS staining and SEM observation. (B) Recovery of fiber growth after BFA wash-out. Fiber initiation was arrested in the presence of BFA (n) and recovered after BFA wash-out (o). Three days later, the BFA-treated ovules were washed with sterile water six times and then cultured on the normal medium (containing 5 mM IAA and 0.5 mM GA 3 ). Seven day cultured ovules were used for observation. Scale bars represent 0.5 mm (A), 1 mm (B) or 100 mm (SEM).
in ovules after anthesis. In the pedicels of buds/flowers, expression of GhPIN genes, except GhPIN5 and GhPIN9, was unchanged at 0 DPA compared with that at -2 DPA. However, we found that the majority, except for GhPIN6, were expressed at a higher level compared with the expression in fruiting stems where buds are located, suggesting high activity of auxin transport in pedicels between the mother plant and flower organs. Apparently, an increase in the expression of GhPIN1a, GhPIN1b and GhPIN8 was detected after anthesis in the stigmas and styles that connect to the ovaries. Pollination results in the translocation of auxin accumulated in the stigma (Aloni et al. 2005) ; the increased expression may be due to the same reason.
Fiber initiation and elongation are suppressed in PV::GhPIN1a-RNAi cotton Functional redundancy between PIN proteins has been demonstrated in organ development (Vieten et al. 2005) . We selected a nucleotide fragment near the 5 0 end of GhPIN1a to generate an RNA interference (RNAi) construct ( Supplementary Fig. S3 ) targeting PIN family members in cotton. The RNAi construct was placed downstream of an ovule-specific promoter PV (Goossens et al. 1999 , Zhang et al. 2011 . Even in the tissuespecific control, most transgenic RNAi cotton still showed abnormality in growth and failure to flower. We identified a transformant (#1) that showed normal growth and flowering, and the expression level of GhPIN1a in the 0 DPA ovules was reduced by 43% (Fig. 7B) . We also analyzed expression of several analogs of PIN genes, i.e. GhPIN1b, GhPIN1c, GhPIN1d and GhPIN3a, in PV::GhPIN1a-RNAi cotton, and found that the expression of these genes was down-regulated; the greatest downregulation was 76% (GhPIN3a, from 100% to 24%), and the lowest down-regulation was 43% (GhPIN1a, from 100% to 57% compared with the wild type) (Fig. 7B) , indicating that the GhPIN1a-RNAi construct silences the expression of other GhPIN genes that show high nucleotide sequence similarity to GhPIN1a. Fiber initiation of transformant #1 was completely arrested in the ovules at anthesis (Fig. 7b) . However, fiber cells protruded 1 d later, but their number was much lower than that of the wild type (Fig. 7c, d) . At 2 DPA, only bubble-shaped fiber cells were observed in the transgenic ovules (Fig. 7f) , similar to the wild-type phenotype at 1 DPA. Moreover, the expression of three transcription factors, GhHD-1, GhMYB25 and GhMYB25-like that were associated with fiber initiation (Machado et al. 2009 , Walford et al. 2011 , Walford et al. 2012 , was down-regulated dramatically in 0 DPA ovules, and a fiber elongation relative gene, GhMYB109 (Pu et al. 2008) , was also down-regulated (Fig. 7C) . This confirms the scanning electron microscopy (SEM) observation, indicating that the suppressed expression of GhPIN genes in PV::GhPIN1a-RNAi ovules inhibits both fiber initiation and elongation.
GhPIN3 is expressed in the outer integument of ovules at anthesis
To seek further evidence that GhPINs are involved in the regulation of cotton fiber initiation, we analyzed the tissue-specific expression of GhPIN1a, GhPIN1c, GhPIN1d, GhPIN3a and GhPIN3b by means of in situ mRNA hybridization of longitudinal sections of 0 DPA ovules. The hybridization signal for each gene was very strong in the ovule nucellus (Fig. 8B, H) , indicating active transcription of auxin efflux genes. Notably, GhPIN3a mRNA was also localized to the outer integument of ovules, including fiber cells (Fig. 8F, G) . The result indicates that GhPIN3 transcription is probably involved in auxin accumulation in the ovule epidermis during cotton fiber initiation. In contrast, the transcript of GhPIN1c, another GhPIN that was preferentially expressed in elongating fibers, was not detected in the ovule epidermis (Fig. 8C, D) . Interestingly, we detected the signal of GhPIN3a and GhPIN1c in the funiculus and axile placenta where the ovule was attached (Fig. 8D, G) . The control hybridized with sense probes showed no background staining (Fig. 8A) . (Gh) and Arabidopsis (At) PIN proteins. A Neighbor-Joining tree was generated by MEGA 6 software using a bootstrap test (n = 1000), based on full-length protein alignment by ClustalW. The numbers on the tree branches indicate bootstrap probability values. The scale bar represents the number of amino acid substitutions per site. Amino acid sequences for Gossypium hirsutum were predicted based on the expressed sequence tag (EST; available from GenBank): KJ126841 (GhPIN1a), KT378046 (GhPIN1b), KT378047 (GhPIN1c), KT378048 (GhPIN1d), KT378049 (GhPIN2), KT378050 (GhPIN3a), KT378055 (GhPIN3b), KT378051 (GhPIN5), KT378052 (GhPIN6), KT378053 (GhPIN8) and KT378054 (GhPIN9). The incomplete protein sequence of GhPIN3b was used because the 3 0 end of the cDNA is unknown. Amino acid sequences for Arabidopsis were obtained from http://www.Arabidopsis.org: AtPIN1, At1g73590; AtPIN2, At5g57090; AtPIN3, At1g70940; AtPIN4, At2g01420; AtPIN5, At5g16530; AtPIN6, At1g77110; AtPIN7, At1g23080; and AtPIN8, At5g15100.
Discussion

Auxin regulates fiber cell initiation but not differentiation
Cotton fibers differentiate and elongate from ovule epidermal cells. Considerable research has provided evidence that the auxin level in ovules and fiber cells is increased during flowering, and IAA has an impact on fiber production (Beasley 1973 , John 1999 , Gialvalis and Seagull 2001 , Seagull and Giavalis 2004 , Zhang et al. 2011 . Therefore, the role of auxin is simply to promote cotton fiber initiation. However, whether auxin is involved in the differentiation of ovule epidermal cells remains unknown. Our study on DR5::GUS expression and immunolocalization of IAA showed that IAA accumulation in fiber cells and fiber protrusion appeared synchronously (Fig. 1) . This synchronization was also observed in the pharmacological experiment (Fig. 4A) . Given that cell fates of ovule epidermal cells have been determined several days before anthesis (Ryser 1999) , we infer that auxin only regulates fiber initiation and not differentiation of ovule epidermal cells. This idea is also supported by the BFA wash-out experiment (Fig. 4B) , in which some epidermal cells protruded once the IAA supply recovered, rather than lost their ability to become fibers.
During fiber initiation, auxin accumulated in ovules is mainly imported from the outside of ovaries via pedicels
Our present finding shows that auxin accumulated in cotton ovules during flowering (Fig. 1A) . This is similar to the strong increase in the auxin level in ovules after pollination and fertilization in other flowering plants, in which in situ synthesis is responsible for the production of auxin (Müller et al. 2002 , Aloni et al. 2005 , Pagnussat et al. 2009 , Pattison and Catala 2012 . However, in cotton, our results demonstrate that the accumulation in ovules, at least for the majority of auxin, is due to the import from the outside of ovaries, probably via the pedicels. First, IAA accumulation in ovules was detected before pollination and fertilization, which are the important reasons for auxin production in Arabidopsis and tomatoes (Aloni et al. 2005 , de Jong et al. 2009 ). The incipient appearance Fig. 6 Expression of 10 GhPIN genes in cotton ovules and fibers. RNAs were extracted from ovules (-2 and -1 DPA), fiber-bearing ovules (0-5 DPA) and fibers (after 5 DPA). Expression levels (in arbitrary units) were normalized to that of GhHIS3. GhPIN2 was not analyzed as no transcript was detected in the tissue. Error bars indicate the SD of three replicates. Fig. 7 Suppression of GhPIN genes in transgenic PV::GhPIN1a-RNAi cotton inhibited fiber initiation and elongation. (A) Fiber initiation in cotton ovules of the wild-type control and PV::GhPIN1a-RNAi, respectively. Fiber initiation and elongation were inhibited in PV::GhPIN1a-RNAi transgenic cotton (b, d and f) compared with the wild type (a, c and e). Ovules in the middle section of each locule were excised, frozen in liquid nitrogen and then photographed. Scale bars represent 100 mm. (B) Expression of GhPIN1a-GhPIN1d and GhPIN3a. Expression of multiple GhPIN genes was suppressed in PV::GhPIN1a-RNAi ovules. (C) Expression of transcriptional factor genes GhHD-1, GhMYB25, GhMYB25-like and GhMYB109. Expression of fiber initiation-associated genes was down-regulated in PV::GhPIN1a-RNAi ovules. RNA from 0 DPA ovules was used for qRT-PCR analysis. Expression levels (in arbitrary units) were normalized to that of GhHIS3. Error bars indicate the SD of three replicates. Fig. 8 Expression patterns of GhPIN1a, GhPIN1c, GhPIN1d, GhPIN3a and GhPIN3b in 0 DPA ovules. Transcripts of all five GhPIN genes were detected in the nucellus (B, C, E, F and H). The GhPIN3a transcript was also detected in the outer integument of ovules (F and G) and fiber cells (the inset in G). Transcripts of GhPIN1c and GhPIN3a were detected in the funiculus and placenta where the ovule was attached (D and G). Sections (10 mm) were used for in situ hybridization with gene-specific probes. GhPIN1b was not analyzed individually because the gene shared a high degree of nucleotide sequence similarity with GhPIN1a. Insets show the epidermal layers of ovules. Sense probes were used as a negative control and none of them produced a signal. ca, the central axis of ovaries; fu, funiculus; ii, the inner integument; nu, the nucellus of ovules; oi, the outer integument. Arrows indicate fiber cells, and arrowheads indicate non-fiber cells in the ovule epidermis. Scale bars represent 200 mm.
of IAA accumulation in the nucellus occurred at -1 DPA (Fig. 1A) and that in fiber cells occurred at 02:00 h on 0 DPA (Fig. 1B) , before flower opening. Secondly, since NPA treatment causes localized inhibition of auxin transport (Reed et al. 1998) , the dramatic decrease in the auxin level in the ovaries ( Fig. 2;  Supplementary Fig. S1 ) implies that, in addition to the auxin flux from pedicels, no other cells supply the ovules, at least during fiber initiation. Moreover, we can also infer that auxin biosynthesis and hydrolysis of auxin conjugates play a limited role in the ovules at this stage, consistent with the in vitro result (Fig. 3C) . The weak auxin-dependent GUS staining in NPAtreated bolls and ovules, especially at 1 DPA ( Supplementary  Fig. S1 ), was possibly caused by an incomplete inhibitory effect or activated auxin biosynthesis after fertilization, because, unlike the in vitro treatment (Fig. 4b, f, j) , fiber initiation was not arrested in all ovules after exogenous application of NPA (Fig. 3c-e, B) . Furthermore, the expression of GhPIN genes in pedicels ( Supplementary Fig. S2 ) also indicates that auxin transport in pedicels is more active than in fruiting stems. Auxin is then transported to ovules through the central axis of the ovary as indicated by DR5::GUS expression (Fig. 1c-e ) and in situ mRNA hybridization (Fig. 8D, G) . In conclusion, auxin import via pedicels plays a main role in auxin accumulation in ovules during cotton fiber initiation. The conclusion can facilitate interpretation of previous contradictory results where unfertilized ovules produced fibers in hormone-free medium (Gialvalis and Seagull 2001) because IAA import through pedicels was not cut off before the harvest of ovules at 1 DPA, although pistils and anthers were removed from the flower.
Auxin flow in ovules during fiber initiation
The auxin imported into cotton ovules is transported to two destinations, the nucellus and fiber cells (Fig. 1) . The -1 DPA ovules could not produce fiber in vitro in the absence of IAA (Fig. 3k) , suggesting that auxin accumulation in the nucellus (Fig. 1b) could not support the development of fiber initiation. We propose two possibilities: (i) auxin sinks in the nucellus, and fiber cells are relatively independent such that no auxin transport occurs to the ovule epidermis; and (ii) the sink strength of the nucellus is higher than that of the fiber cells since embryo development is most important for plant reproduction. Although our current data provide insufficient support, the localization of expression of GhPIN genes shows the independence of auxin transport in two regions of cotton ovules (the nucellus and outer integument, Fig. 8) . All five GhPIN genes we analyzed may be involved in the development of embryo sacs (Fig. 8B-H) , as suggested in Arabidopsis (Pagnussat et al. 2009 ). GhPIN3a individually shows additional localization to the outer integument and the funiculus (Fig. 8F, G) , and thus is the best candidate regulating auxin accumulation in fiber cells. Previous work has shown that GhPIN3 (herein named GhPIN3a) is downregulated when fiber elongation is repressed by interfering with the expression of KTN (Qu et al. 2012 ). This agrees with the sharply increased expression of GhPIN3a in fast elongating fibers (Fig. 6) . However, the concerted action of multiple GhPINs in cotton fiber development is undoubted.
Expression of GhPIN2 (herein named GhPIN1a) is increased in defective fiber cells of a lintless mutant (Wang et al. 2013) . GhPIN1c showed preferential expression in elongating fibers (Fig. 6) . In our study, the role of GhPIN genes in auxin accumulation in fibers was shown by GhPIN1a-RNAi cotton, in which fiber initiation and elongation were considerably repressed (Fig. 7A, C) . This implies that suppressed expression of GhPIN genes reduces the auxin level in fiber cells. In GhPIN1a-RNAi cotton, suppressed expression of GhPIN genes (Fig. 7B) is thought to reduce the net auxin flux into and within ovules rather than disturb the auxin transport in ovules; consequently, we did not observe the maintenance of the fiber initiation defect as observed in the NPA-treated ovule (Fig. 3e) .
Since polar localization of GhPIN genes was not analyzed in this study, how auxin is transported to the epidermal layer and is then specifically confined to the fiber cells remain unknown. Future analysis of plasma membrane localization of GhPINs, in particular GhPIN3a, will allow a better understanding of the auxin flow direction and its regulation during cotton fiber initiation. Upland cotton (Gossypium hirsutum) is allotetraploid and has far more excellent fiber traits than its ancestral diploid species. In theory, each GhPIN has two copies in the genome of upland cotton. Whether both copies have the same function during fiber development should be considered in further exploration.
Materials and Methods
Plasmid construction and plant transformation
The hairpin RNA construct of GhPIN1a was amplified with primers RNAi-BP (5 0 -aagagagcaacaaagcgatctagactttaattgacttctacca-3 0 ) and RNAi-FP (5 0 -aaccccttttgctcaccttg-3 0 ) according to a previous method (Xiao et al. 2006 ) and inserted into the vector pUCm-T (Sangon). Then, the RNAi sequence digested from pUCm-T by BamHI and EcoRI was transferred to the binary vector pBI121M containing PV promoters (Zhang et al. 2011) . The construct was transformed into an upland cotton (G, hirsutum) cultivar 'Jimian 14' by Agrobacterium tumefaciens strain LBA4404 (Luo et al. 2007) . Briefly, cotton seeds were geminated on MS (Murashige and Skoog) medium at 28 C in the dark for 3-5 d. Then, hypocotyl segments ($1 cm in length) were infected with Agrobacterium suspension solution with an OD 600 of approximately 0.8-1.0 for 20-30 min, blotted dry on sterile filter paper and transferred to co-cultivation medium. After a 2 d culture in the dark, the segments were transferred to selection medium and subcultured every 3 weeks until kanamycin-resistant embryogenic calli developed. The kanamycin-resistant embryogenic calli were selected and transferred to liquid MSB (MS salts with B5 vitamins) medium for further culture with gentle agitation. These cultures were later plated on elongation medium. Elongated somatic embryos were then transferred to SH (Shenk and Hildebrandt) medium to develop plantlets. After having been identified by histochemical GUS staining of leaf tissues, the GUS-positive plants were transplanted and grown in the greenhouse at Southwest University, Chongqing, China.
Ovule culture
IAA sodium salt, L-tryptophan and gibberellic acid potassium salt were dissolved in water and filter sterilized to obtain stock solutions of 50, 50 and 5 mM, respectively. After the culture medium for cotton ovules (Beasley and Ting 1973) was autoclaved, the stock solution was added at a 1 : 10,000 dilution and an equal volume of water was added as the control. Buds at -1 DPA were harvested at around 08:00 h. After immersion in 75% ethanol for 1 min, separated ovaries were sterilized in 0.1% HgCl 2 for 10 min and then washed with sterilized water six times. Ovules in the middle section of each locule were removed and floated on 3 ml of liquid medium in a 6-well plate with up to six ovules per well. The plates were placed at 32 C in the dark until observation.
Inhibitor treatment
NPA, BFA and NOA were prepared as 50, 25 and 50 mM stock solutions, respectively, in dimethylsulfoxide (DMSO) and stored at -20 C. For in vitro ovule culture, the medium (containing 5 mM IAA and 0.5 mM GA 3 ) was supplemented with the inhibitor at a 1 : 1,000 dilution. For exogenous application to the pedicel, the NPA stock was thoroughly mixed in warm lanolin ($50 C) to a final concentration of 500 mM. Three days before anthesis, the epidermis of the bud pedicels was removed from the side using a scalpel blade, and the lanolin paste was applied to the wound until the assay was performed. An equal volume of DMSO solvent was used in a parallel control in both the ovule culture and exogenous application.
GUS staining
Tissues were excised and immediately submersed in staining solution [100 mM NaPO 4 (pH 7.0), 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 , 10 mM EDTA, 0.1% (v/ v) Triton X-100, 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid substrate in DMSO (diluted from a 25 mM stock solution)] modified from a previous study (Martin et al. 1992) . A negative control from the wild type without treatment was included to exclude false positives. After staining at 37 C for 6 or 12 h in the dark, samples were cleared and fixed in 75% ethanol. Images were captured with an SZX-ILLB2-200 stereomicroscope imaging system (Olympus).
Immunohistochemical localization of IAA
The procedure for the immunolocalization of IAA was carried out as described (Gong et al. 2006 ) with some modifications. Briefly, excised tissues were immediately pre-fixed in a 2% (w/v) aqueous solution of EDAC [1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide] for 1 h at 4 C under vacuum, then post-fixed overnight in FAA (formalin/acetic acid/alcohol). After being subjected to a graded ethanol series, dehydrated samples were infiltrated, embedded in paraffin and sectioned into 10 mm slices. Sections were affixed onto Superfrost TM Plus Microscope Slides (Fisher Scientific) and dried for 24 h at 42 C. Samples were deparaffinized with xylene and hydrated in an ethanolwater series, after which the slides were incubated in a blocking solution (BS) for 1 h at 22 C, and followed by a brief wash with LWB (low-salt washing buffer). A monoclonal antibody against IAA (Sigma-Aldrich) diluted 1 : 100 in BS was added to each slide before covering with a piece of parafilm. After 24 h of incubation in the dark in a humid chamber at 4 C, the slide was washed (2 Â 10 min) in HWB (high-salt washing buffer) and in LWB for 10 min. Then, 100 ml of the fluorescein isothiocyante (FITC)-labeled secondary antibody (Abcam), which was pre-absorbed as described (Gong et al. 2006 ) and diluted 1 : 500 in BS, was added to each slide. After 2 h incubation at 37 C in a humid chamber, the slide was washed briefly twice in LWB and once in PBS (phosphate-buffered saline; pH 7.4), then mounted for photographing by a confocal scanning system (FV1000, Olympus). Sections incubated in BS without IAA antibody were used as a negative control.
In situ hybridization
Gene-specific probes were prepared according to the DIG Northern Starter Kit manual (Roche). For GhPIN1a and GhPIN3a, DNA templates of probes were amplified from vectors, which carried cDNA of the target gene with sequencespecific primers (Supplementary Table S1 , Supplementary Fig. S3 ). Then, they were cloned into a transcription vector pGEM-Teasy (Promega), which contains promoters for T7 and SP6 RNA polymerase. Before probe synthesis, the vectors were linearized by SpeI (for T7 RNA polymerase) or NcoI (for SP6 RNA polymerase). For GhPIN1c, GhPIN1d and GhPIN3b, linearized DNA templates were amplified directly from cDNA vectors by primers (Supplementary Table S1 ; Supplementary Fig. S3 ) with an extension (for T7 RNA polymerase) of 5 0 -cttctaatacgactcactataggg-3 0 at the 5 0 end. After treatment with DNase I, synthesized digoxigenin-labeled sense and antisense RNAs were precipitated, dissolved in 50% (v/v) deionized formamide and stored at -80 C until use.
Sections were prepared as described in the immunohistochemical assay except pre-fixation of EDAC was omitted. Briefly, the rehydrated section was incubated in 0.25 M HCl for 20 min at 22 C, 2 Â SSC (saline-sodium citrate buffer, diluted from 20 Â SSC pH 7.0) for 20 min at 22 C and 4 mg ml -1 proteinase K (in 100 mM Tris and 50 mM EDTA, pH 8.0) for 30 min at 37 C sequentially, but rinsed in water before each incubation. After a brief wash in PBS, the section was incubated in 0.2% (w/v) glycine/PBS and twice in PBS, each for 2 min. The tissue was then refixed in 4% (w/v) paraformaldehyde/PBS for 10 min at 22 C, followed by rinsing twice in 1 Â PBS. After treatment with 0.25% (v/v) acetic anhydride (in 0.1 M triethanolamine-HCl buffer, pH 8.0) for 5 min at 22 C, the section was washed twice in PBS and stored at 4 C.
The probe was denatured at 80 C for 2 min and chilled on ice immediately. Then, the probe, diluted 1 : 3 (to a final concentration of $10 ng ml -1 ) in hybridization solution [containing 50% (v/v) deionized formamide, 10% (w/v) dextran sulfate, 300 mM NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA, 1 Â blocking solution (Roche) and 0.15 mg ml -1 tRNA (Sigma)], was added to the slide. The slide was incubated overnight in darkness in a humid chamber at 50 C after covering with a piece of parafilm. Hybridized slides were washed twice in 0.2 Â SSC for 1 h at 53 C. After rinsing twice in NTE (0.5 M NaCl, 10 mM Tris pH 8.0, 1 mM EDTA), the non-specifically bound probe was removed by incubation with 20 mg ml -1 NTE for 30 min at 37 C followed by 2 Â 5 min washes in NTE and a 1 h wash in 0.2 Â SSC at 53 C.
After a brief wash in Tris-buffered saline (TBS; 100 mM Tris-Cl pH 7.5, 150 mM NaCl), the section was incubated in 1 Â blocking solution (Roche, diluted with TBS) for 45 min at 22 C, followed by a 45 min incubation in TBST/BSA [1 Â TBS, 0.3% Triton X-100, 1% bovine serum albumin (w/v)]. Alkaline phosphatase-conjugated anti-digoxigenin was pre-absorbed as described (Gong et al. 2006) , diluted in TBST/BSA at 1 : 1,000, and then added to the slides. After incubation in a humid chamber at 22 C for 2 h, the section was washed in TBST/BSA for 4 Â 15 min, equilibrated twice in detection buffer (100 mM Tris-Cl pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ) for 5 min, and incubated in a nitro-blue tetrazolium/5-bromo-4-chloro-3-inodyl-phosphate color substrate solution (Roche) diluted 1 : 50 in the detection buffer for color development. About 16 h later, the color reaction was stopped in water, and the section was mounted using Vectamount permanent mounting medium (Vector Laboratories) after washing twice in 100% ethanol. Sections incubated with the sense RNA probe were used as the negative control. Images were captured using a CKX41 microscope (Olympus).
Microscopic observations
Bolls, ovules and pedicels were photographed using an SZX-ILLB2-200 stereomicroscope imaging system (Olympus). To observe 5 DPA fibers, ovules were boiled in water for 10 min and were then separated in 45% (v/v) acetic acid for microscopy. For scanning electron micrographs, ovules were frozen in liquid nitrogen, transferred into the cryo-stage of the preparation chamber for platinum coating and then imaged by an S-3400 N scanning electron microscope (Hitachi, Japan).
RNA extraction and qRT-PCR
RNA was extracted using a previously described method (Wan and Wilkins 1994) . After treatment with DNase I (Thermo), 1 mg of RNA was used to synthesize first-strand cDNA using the RevertAid TM First Strand cDNA Synthesis Kit (Thermo). qRT-PCR was performed on a CFX96 TM Real-Time System (Bio-Rad) with 1 Â iQ TM SYBR Green Supermix (Bio-Rad) according to the manual, and data were analyzed using the native software (Bio-Rad). The thermal cycling consisted of a pre-treatment (94 C, 3 min) followed by 40 amplification cycles (94 C, 30 s; 56 C, 30 s; 72 C, 30 s). Primers used for qRT-PCR are provided in Supplementary Table S1 and Supplementary Fig. S3 . GhHIS3 served as the reference gene (Zhu et al. 2003) .
Supplementary data
Supplementary data are available at PCP online. 
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